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ABSTRACT 
The  composition of  the  gas mixture secreted  into  the  swim-bladders of  several 
species of fish has been determined  in the mass spectrometer. The secreted  gas dif- 
fered greatly from the gas mixture breathed by the fish in  the relative proportions 
of the chemically inert gases, argon, neon, helium, and nitrogen. Relative to nitrogen 
the proportion of the very soluble  argon was increased  and  the  proportions of  the 
much less  soluble  neon and helium decreased.  The composition of  the secreted  gas 
approaches the composition of be gas mixture dissolved  in  the tissue fluid. A theory 
of inert gas secretion is proposed. It is suggested  that oxygen gas is actively secreted 
and evolved in the form of minute bubbles, that inert gases diffuse into these bubbles, 
and  that  the  bubbles are  passed  into  the  swim-bladder carrying with  them  inert 
gases.  Coupled to a  preferential reabsorption of oxygen from the swim-bladder  this 
mechanism can achieve high tensions of inert gas in the swim-bladder.  The accumula- 
tion of nearly pure nitrogen in  the swim-bladder of  goldfish  (Carassius auratus)  is 
accomplished  by the secretion of an oxygen-rich gas mixture followed  by the reab- 
sorption of oxygen. 
The entry of gases into the swim-bladder of fish has been recognized  as an 
active process, that is a process requiring work, for over one hundred  and fifty 
years. Both  oxygen and  chemically inert  gases,  e.g.  nitrogen  and  argon,  can 
be brought into the bladder against a large concentration gradient. The present 
study  establishes  the  mechanism of  transport  of  chemically inert  gases  into 
the swim-bladder. 
The primary function  of the  secretory mechanism is  clearly the  transport 
of oxygen gas into the swim-bladder, since oxygen may  comprise over 90  per 
cent  of the  gases contained in the  swim-bladders of fish  captured from  great 
depths, and the oxygen tension in their swim-bladders is commonly greater  than 
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100 atmospheres  (Blot,  1807;  Richard,  1895;  Schloesing  and Richard,  1895; 
Scholander and van Dam, 1953). The swim-bladder of surface-living fish may 
contain a  variable  proportion  of oxygen, but  if the  swim-bladder of  most 
physoclists be emptied experimentally, oxygen will comprise a large proportion, 
up to 95 per cent, of the gases secreted to restore the original volume of the 
swim-bladder (Morean, 1877, confirmed by many workers). 
Chemically inert gases also  are  brought into  the  swim-bladder  against  a 
concentration gradient. In deep sea fish for  instance, although  nitrogen and 
argon make up only a small proportion (10 to 20 per cent) of the swim-bladder 
gas, at the enormous pressures (100  to 200  atmospheres) at which  these fish 
live the tension exerted by the nitrogen in the swim-bladder may amount to 
10 to 20 atmospheres (Sch|oesing and Richard, 1896; Scholander and van Dam, 
1953; Scholander, 1954). Since the tension of dissolved nitrogen in sea water is 
0.8 atmosphere at all depths, it is apparent that a ten- to twentyfold concentra- 
tion of nitrogen has been achieved in the swim-bladder. A  similar  situation 
holds for argon. The ratios, argon to nitrogen found for the gases in the swim- 
bladders of deep sea fish, are about the same as the ratio in air (Schloesing and 
Richard,  1896;  Scholander,  1954).  The argon must therefore have been  con- 
centrated to the same extent as the nitrogen, and the argon tensions in  the 
swim-bladder are ten to twenty times as great as in the sea water. 
A  perhaps  even  more  impressive  accumulation  of  inert  gases  against  a 
pressure gradient occurs in the fresh water coregonids. Hiifner reported in 1892 
that the swim-bladder gases of whitefish (Coregonus acroni~z)  captured  from 
the bottom of the Bodensee at a  depth of 180 to 240 feet contained 99  per 
cent of nitrogen. Accordingly the nitrogen tension in the bladder at the  depth 
at which the fish was captured must have been 5 to 7 atmospheres.  Saunders 
(1953),  Tait (1956),  and Scholander, van Dam, and Enns (1956),  have found 
virtually pure  nitrogen at  10  atmospheres pressure  in  the  swim-bladder  of 
several species of fresh water physostomes captured from the depths of Lake 
Huron and Lake Michigan. The argon concentrations in the swim-bladders of 
these coregonids are enhanced to the same extent as the nitrogen concentrations, 
and the ratios, argon to nitrogen found, are not greatly different from the ratio 
in air  (Tait,  1956;  Scholander et al.,  1956).  At  the depth  of 100 meters  at 
which these fish were captured the pressure is about 10 atmospheres and the 
tension of argon in the swim-bladder accordingly is ten times as great as the 
tension in the lake water. 
In  a  discussion of Schloesing and  Richard's and Htifner's findings, J.  S. 
Haldane (1898) pointed out that while nitrogen might have entered the swim- 
bladder by a  chemical mechanism, the presence in the  swim-bladder of the 
noble gas argon at a  tension far in excess  of that in sea water demanded a 
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inert gases. Furthermore since the argon to nitrogen ratio in the bladder gases 
of both deep sea physoclists and deep lake physostomes approaches that of air, 
it appears likely that argon and nitrogen are secreted into the swim-bladder by 
a common mechanism. 
The aim of the present study is to present evidence for a physical mechanism 
which can account for the secretion of inert gases.  It will be argued that the 
secretion of inert gases is a  corollary of the secretion of oxygen, (even in fish 
whose bladder gas consists of 100 per cent nitrogen), and that chemical work is 
necessary only in the latter process. It will be suggested that oxygen is secreted 
in the form of minute bubbles, that inert gases diffuse into the bubbles during 
their  formation,  and  that  in  entering  the  swim-bladder  the  oxygen bubbles 
carry with them inert gases. 
Experiments on the Secretion of Gas 
The composition of the swim-bladder gases is the resultant of two processes, 
gas secretion  and  gas  removal. Each  process may be  considered  to  proceed 
independently, and indeed many fish possess separate structures, the gas gland 
and  the oval window,  specialized for gas secretion and removal respectively. 
Furthermore, since the animal can vary the volume of gas in the bladder it is 
evident that at any one time one process may proceed more rapidly than the 
other. All of the volume change is achieved through the action of the specialized 
structures since the bladder wall is impermeable to gas. In order to study gas 
secretion, conditions were sought under which secretion would predominate and 
the composition of the gases accumulating in the bladder would approximate 
that of the secreted gas. 
The swim-bladders  of fish were emptied as completely as possible  with a  syringe 
fitted with a fine needle.  Emptying stimulates the animal to secrete gas, and secre- 
tion was allowed  to proceed until  the initial gas volume was largely replaced.  The 
newly secreted gases  were removed completely with a  syringe and  analyzed.  Only 
samples from animals in  which  a  substantial fraction  (40  to  110 per  cent)  of the 
original  volume had been replaced were accepted for analysis. In this way the dilu- 
tion of any residual gas in the bladder was assured, and the fact of substantial secre- 
tion established.  In a number of instances marine fishes refilled their bladders two to 
four times successively. The analyses of such samples were usually in good agreement, 
although  the  proportion  of  oxygen tended  to  decrease  as  the animal  became  ex- 
hausted. Each of these analyses is recorded individually in Figs.  1 to 3. 
Fish were maintained in air-equilibrated water or in closed vessels of water equi- 
librated with a stream of a gas mixture: 1.8 per cent neon in air; or 3.2 per cent helium 
in air. The gas mixtures were supplied  from the large tanks so that their composition 
remained constant  throughout  the  experiment and were passed  through  the  water 786  INERT  GAS SECRETION 
for  15  to  24  hours  before introducing the fish.  The  water  temperature,  except for 
experiments with trout, was between 22°C.  and 27°C? 
Eels (Anguilla rostrata (LeSueur)).--Eels  captured in coastal bays were maintained 
either in running sea water or in aerated artificial sea water  (Brujewicz,  1931).  Al- 
though  a  physostome,  the  eel does not pass  swallowed air into  the  swim-bladder. 
The gases of the emptied bladder are replaced in from 12 to 24 hours. 
Toadfish  (Opsanus tau) (Linnaeus).--Toadfish  were  maintained  in  running  sea 
water. The gases of the emptied bladder are replaced in from 18 to 24 hours. 
Sea  Robins (Prionotus carolinus  (Linnaeus)  and  P.  evolans (Linnaeus)).--Sea 
robins were maintained in running sea water. Replacement of the bladder gas volume 
is roughly 20 per cent complete in 12 to 24 hours; 60 per cent complete in 36 hours, 
and  complete at 48  hours.  The  samples analyzed were  accumulated  during  24  to 
36 hours. 
Scup  (Stenotomua versicolor (Mitchill)).--Scup  were  maintained  in  running  sea 
water. Replacement of the bladder gas volume is very rapid, being half complete in 
4  to 6 hours, complete at 10 to 12 hours. 
Gold£sh (Carassius auratus (Linnaeus) ).--Six to  seven inch fish were maintained 
in aerated tap water containing 0.1  per cent of sodium chloride. The swim-bladder 
of goldfsh is separated into anterior and posterior chambers linked by a  short ductus 
communicans.  In  the resting animal the sphincters of the ductus communicans are 
closed and  for  the  experiment the  two  chambers  were  emptied separately.  In  the 
actively secreting animal  the  ductus  communicans  is  open.  Goldfish will fill their 
swim-bladders with  swallowed air,  and  the  experimental fish  were  therefore  kept 
under a  wire screen which  barred them from access to the surface. Replacement of 
the gas volume of the emptied swim-bladder is about 70 per cent complete in 4 days, 
at which time the oxygen concentration of the bladder gases is maximal. The original 
volume is restored in from 5  to 7 days. The samples analyzed here were taken at 4 
days. 
Rainbow Trout (Salmo gairdneri (Richard~'on)).--The trout  (Rainbow and Brown 
trout) were maintained in flowing spring water (temperature 12°C.)  at the New York 
State Fish Hatchery, Cold Spring Harbor, New York. Since trout are physostomatous 
and might swallow air, they were denied access to the surface by a wire screen. Rain- 
bow trout were not fed. Replacement of the gas volume of the emptied bladder in 
four animals was 30 and  55  per cent complete at  7  days and  32  and  100  per cent 
complete at 13 days. 
Brawn Trout (Salmo trutta (Linnaeus)).--The secretion of gas into the swim-blad- 
der of trout is best demonstrated in small fish, about  100 gin.  or less. Unequivocal 
refilling of the emptied bladder was obtained in  nineteen individual brown  trout of 
x Successive samples of swim-bladder gases from fish maintained  in tanks of water 
through which the gas mixtures were bubbled did not reach relatively constant values 
of  the neon  to nitrogen or helium  to nitrogen ratio until the experiment had  been 
maintained for more than 20 hours. This unexpectedly slow equilibration has neces- 
sitated selecting from the experiments only those samples which were the second  or 
third successive samples from the same animal, or samples from fish ~udged  to have 
been in sufficiently long contact with the gas mixtures. JONATHAN B.  WITTENBERG  787 
this size range, as well as in  the four rainbow trout. When the animals were main- 
tained without food, refilling of the emptied bladder was about 50 per cent complete 
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FI6. 1. Composition of secreted swim-bladder gas. The points represent individual 
fish;  the  solid line,  the  composition predicted from  Equation  6  for small  bubbles 
formed in air-equilibrated water when the internal pressure of the bubble is 1 atmos- 
phere. 
at 8 days and from 40 to  100 per cent complete at 13 days. Fish fed a  stock diet of 
minced boiled liver and spleen appeared healthier and uniformly refilled their swim- 
bladders completely at  11  days. 788  INERT  GAS  SECRETION 
Analyses.--Gas samples were withdrawn into syringes lubricated with water and 
immediately transferred over mercury into appropriate vessels  for storage. Oxygen 
was removed from the gas samples from marine fish by equilibration with an equal 
volume of Fieser's solution  (sodium  hydrosulfite,  10 gm., and sodium anthroquinone- 
beta-sulfonate, 0.05 gm. in 100 cc. of 6 per cent KOH), prior to analysis of the residual 
non-absorbable gases in the mass spectrometer. 
Analysis for carbon dioxide, oxygen, and non-absorbable gases was by the method 
of Fry et al. (1949) or of Scholander  eta/.  (1955). 
The ratios argon to nitrogen, neon to nitrogen, and helium to nitrogen were de- 
termined in the mass spectrometer. I am indebted to Dr. Henry D. Hoberman and 
to  Dr.  Anthony  San  Pietro,  The  McCollum-Pratt  Institute,  The  Johns  Hopkins 
University, for  the  mass spectrographic determinations. 
Composition of the Newly Secreted Gas 
The compositions of the "newly secreted" swim-bladder gases of individuals 
of several species of fish are presented graphically in Fig.  1. The abscissa ex- 
presses the nitrogen concentration as the fraction of the total gases, which at 1 
atmosphere pressure is equivalent to the partial pressure. Since carbon dioxide 
occurs in the secreted gases in variable, small amounts the partial pressure of 
oxygen is nearly but not quite equal to 1 minus the partial pressure of nitrogen. 
The ordinate expresses the  ratio argon to nitrogen.  This ratio increases with 
increasing oxygen (decreasing nitrogen)  concentration and is greater than the 
ratio in air for all samples containing  substantial proportions of oxygen. The 
average of the five highest values is 2.33  X  10  -*.  (Note that the ratios given 
here concern newly secreted gas; the samples analyzed by other authors have 
represented steady state gas composition achieved over a long period of time.) 
It will be noted that in this experiment carried out at 1 atmosphere pressure 
only oxygen gas is present at tensions greater than the tension in air. 
Theoretical Considerations 
The  nature  of  the  physical  mechanism  underlying  the  secretion  of  inert 
gases may be deduced from the composition of the gas secreted into the swim- 
bladder by fish capable of producing a gas mixture rich in oxygen. Experiments 
to be considered later make it probable that the same mechanism operates  in 
fish whose swim-bladder is normally filled with nitrogen. 
The ratio, argon to nitrogen, found in the secreted gases is vastly different 
from the  ratio  in  air.  To  bring  about  this  difference,  the  mechanism  of gas 
secretion must  depend  on  some physical property in  which  the  gases differ. 
This property is clearly the solubility of the gases in water, since the diffusion 
constants of argon and nitrogen are nearly the same, but the solubility of argon 
in water is about twice that of nitrogen2 A consequence of the solubility differ- 
Jones  (1950)  determined  the  relative  diffusion  rates  of  nitrogen,  argon,  and 
helium through a hydrated gelatin membrane to be 1.00, 0.84, and 2.57 respectively. 
The solubility in water expressed as Henry's law constant K  at 20°C., is 5.75 X  l0  T, JONATHAN  B.  WITTENBERG  789 
ence is that the composition of the gas dissolved in air-equilibrated water will 
differ markedly from the  composition of air; the  dissolved gas obviously is 
richer in the more soluble components. The ratio argon to nitrogen in air is 
1.18 X  10  -2; and in the gas dissolved in air-saturated water this ratio is increased 
to 2.64 X  10-  2. The highest values of the argon to nitrogen ratio encountered in 
newly secreted swim-bladder gases average 2.33 X  10--  ~, which approaches closely 
the value in air-saturated water. 
The formation of small bubbles in the evolution of the gas phase offers an 
explanation which can adequately explain the experimental findings,  s Let us 
assume that a  metabolic process in the gas gland is capable of producing a 
local oxygen tension greater than 1 atmosphere. We further assume the presence 
of local conditions producing gas nuclei from which bubbles can grow. Then in 
the actively secreting gland small bubbles of oxygen gas will form. Dissolved 
gases will invade these bubbles. The entry of each dissolved gas into the bubble 
depends on the concentration of that gas in the solution. These concentrations 
in turn depend on the product of the partial pressure of each gas in the gas 
phase (e.g.,  air) with which the solution is in equilibrium and the solubility in 
water of each gas. Since the composition of the dissolved gas differs from that 
of air, and is relatively richer in the more soluble gases, the mixture of inert 
gases entering the oxygen bubbles will consequently be relatively enriched in 
the more soluble components. The more complete the exhaustion of dissolved 
gas from the vicinity of the bubble, the more the bubble will be enriched in the 
more soluble components, and the more closely the composition of the bubble 
will approach the dissolved gas. This forms the basis of the physical explanation 
of the phenomenon of inert gas secretion. 
The growth and solution of gas bubbles in water have been studied experi- 
mentally. Harvey eta/. (1944) have described a most ingenious visual demon- 
stration of the process. Wyman el a/.  (1952)  have studied quantitatively the 
rate of disappearance and the change of composition of dissolving gas bubbles, 
and have devised a  mathematical expression of the physical laws governing 
these changes. In their treatment they assumed that "the composition of the 
water in respect to dissolved gas is everywhere uniform except in a  thin shell 
surrounding the bubble and that the gas in the bubble is uniform right up to the 
gas water interface. The inner layer of water in the shell will be in equilibrium 
with the gas, and the whole of the diffusion gradient which causes the gas to 
pass from the bubble  to the water"--(or  vice  versa)--"will be supported by 
the shell." From the rates of solution of bubbles at various pressures and taking 
into account the known values of the diffusivity and solubility of oxygen and 
2.58 X l0  T, 10.9 X 107, and 9.14 X 107 for nitrogen, argon, helium, and neon respec- 
tively (Jones 1949). The value of K is greater for less soluble gases. 
Powers (1932) suggested that bubbles of oxygen gas might carry inert gases into 
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nitrogen, Wyman et al.  were able to calculate the thickness of the water shell 
surrounding the bubble. For the large bubbles  (3 to 5 ram. diameter) studied 
the thickness of the shell was estimated to be 3.3 X  10  -~ can. 
Concerning the nature of this shell Wyman et al. state: "It should be realized 
that the picture of a sharply defined water shell supporting a uniform diffusion 
gradient surrounding the bubble is artificial. The bubble behaves as if this were 
the  case,  but  this  simply means  that  the mixing of the water is practically 
complete up to a  distance from the air-water interface of the same  order  of 
magnitude as the calculated thickness of the shell." 
The concept of the water shell surrounding the bubble allows a  simplified 
mathematical treatment of the behavior of small bubbles. As will be discussed 
below  there is  good reason  to  believe that  bubbles  involved in  the  cellular 
secretion of gas must be of less than cellular dimensions. If the average diameter 
of a secreting cell  4 is 10 to 20 micra, then the bubble must be less than 20 micra 
diameter, and by this token will be small in comparison with the thickness (30 
micra) estimated for the water shell surrounding large bubbles. The inert gases 
entering such an intracellular oxygen bubble can be considered to be drawn 
only from a shell of water surrounding the bubble. (In large bubbles the gases 
are drawn from the bulk of the water solution external to the shell.) Of course, a 
gradient of inert gas concentration will exist within the shell. At the outside of 
the shell the concentrations will  approach those in air-equilibrated water; at 
the gas-water interface the dissolved gases will be in equilibrium with the gas 
phase. However, in order to permit an algebraic treatment we will introduce an 
approximation and consider the shell to be uniformly depleted of inert gases. 
This will have the effect of decreasing the nominal size of the shell. It is also 
evident that the quasiequilibrium state can persist for only a  short period of 
time. Eventually the inert gases of the bubble must come into equilibrium with 
the bulk of the water and approach air in composition. However, these equi- 
libria are apparently approached slowly, requiring about  10 minutes for the 
size of bubble and the degree of stirring used by Wyman et al,; we may con- 
sider that an intracellular bubble would be formed, grow to a  critical size, and 
would be expelled from the cell within a  matter of minutes, mimicking in its 
behavior the contractile vacuole of protozoa. The time scale, presumed constant 
for any one animal,  would be reflected in  the nominal size of the shell.  The 
intracellular gas bubble of Arcdla  (discussed below)  (Bles, 1929), although it 
does not leave the cell, is formed and grows to maximum size in from 2  to 15 
minutes. 
The composition of a  transitory small bubble may be approximated by the 
description of the equilibrium partition of gas between the bubble and a liquid 
4 The diameter of the cells in sections of the gas glands of an eel and a sea robin, 
measured with an ocular micrometer averaged 7 and 14 microns respectively.  I  thank 
Dr. Berta Scharrer for her help with these measurements. JONATHAN  B.  WITTF_,NHERG  791 
shell. We assume the bubble to be initially formed of oxygen gas in equilibrium 
with  the  intraceUular  fluid  in  which  a  high  oxygen  tension  is  maintained 
metabolically. We introduce p to denote the partial pressure of an inert gas in 
the bubble; po, the partial pressure of that gas equilibrated with the bulk of 
the liquid phase;  Vo, the volume of the bubble; V~, the volume of the liquid 
shell; no, the number of moles of the gas in the bubble; us, the number of moles 
of the gas in the liquid shell; K, the Henry law constant for that gas; R, the 
gas constant;  and  T,  the absolute temperature.  The  solubility of a  gas in a 
liquid,  is given by Henry's law which states that the mole fraction of the gas 
in solution is equal to the partial pressure of that gas in millimeters of mercury 
divided by the constant, K, for that gas. 
The newly formed bubble is assumed to arise in liquid which was initially in 
equilibrium with air, and which therefore contains argon,  nitrogen (and other 
inert gases) in concentrations dictated by the partial pressures of the respective 
gases in air.  By hypothesis the local oxygen tension is high  and the largest 
part of the gas in the bubble is oxygen. The inert gases entering the bubble are 
derived entirely from the liquid shell, and the total amount of an inert gas in 
the shell  and bubble combined is therefore equal to the amount of that gas 
present in the shell before the bubble formed. 
Then from Henry's law, the total amount of an inert gas in the bubble plus 
shell is: 
PO  no+m---~X  V~X55.SX 760  (1) 
At equilibrium  the  mount  of the inert  gas remaining  in  the  liquid  shell  is 
described by the partial pressure of that gas in the bubble. From Henry's law: 
P  n~=~×  Vz×555×760  (2) 
The constants 55.5  and 760 are introduced to convert the usual units of the 
Henry law  constant  (mole  fraction,  and  millimeters  of mercury)  to  molar 
concentration and atmospheres. From the gas law: 
pv~ 
n~,  =  --  (3) 
RT 
Combining Equations 1, 2, 3, we obtain: 
Vg  RT 
v-;  =  ~:~  (po  -  p)  x  ss.s  x  76o  (4~ 792  INERT GAS SECRETION 
Vo  Since ~  is the same for all gases in the system, for any two gases, denoted by 
V~'  V/' 
prime and double prime we may set  -  V{  r and write: 
Vz' 
RT  RT  (Po"  --  P")  or 
K,p-----~, (po'  --  P')  =  K,,p'---  ~ 
(s) 
po'  -  p'  po"  -  p" 
K'p'  K"p" 
Rearranging  to  a  form in  which  the  terms are  convenient for experimental 
measurement we obtain: 
p"  =  po"K'  (6) 
p'  p'(K'  -- K")  +  po'K" 
Equation 6 describes the family of compositions obtaining in transitory small 
V~ 
bubbles of varying ratios, ~.  Since by hypothesis the swim-bladder gas repre- 
sents extruded bubbles, this relation provides an opportunity to compare the 
composition of the swim-bladder gas with prediction. The ratio, p"/p',  of any 
two (inert) gases is determinable in the mass spectrometer. The partial pres- 
sure, p', of one of these gases, nitrogen, is given by the proportion of that gas in 
the  swim-bladder gases when the  experiment is performed at  1 atmosphere 
pressure, and is, of course, approximately equal to 1 minus the proportion of 
oxygen. (The internal pressure of the intracellular bubble is assumed to be not 
too far from 1 atmosphere.) Finally the composition of the gas phase  (e.g., air) 
with which the aqueous phase was equilibrated, is described by the constants 
p0' and p0". The predicted composition of the swim-bladder gases is presented 
graphically as the relation between p"/p'  and p' calculated for the  three dif- 
ferent gas mixtures offered to fish (the solid lines of Figs.  1,  2,  and 3).  The 
Vo  compositions corresponding to small values of the volume ratio ~  fall to the 
left of the graph, larger values to the right. These predictions are to be com- 
pared to the experimental points of Fig. 1, 2, and 3 each of which represents the 
composition of the "newly secreted" swim-bladder gases of an individual fish. 
The findings presented in Figs.  1, 2, and 3 form the experimental basis for 
the theory of inert gas secretion through bubble formation. The accord between 
the prediction and the findings disclosed in these figures is sufficiently exact to 
indicate the essential correctness of the interpretation given. 
The agreement achieved between the findings and the prediction is judged to 
be satisfactory, even in the face of the relatively large discrepancies seen in 
Fig. 1. Several sources of error which should tend to displace the points from JONATIIAN B.  WITTEI~BERG  793 
the line in the direction shown are: any equilibration of the swim-bladder gases 
with the argon and nitrogen of the circulating blood; any contribution to the 
secreted gases from the Bohr effect in the rete mirabile; and any contribution 
from surface tension to the internal pressure of the intracellular bubble which 
would have the effect of increasing the oxygen tension relative to the argon 
to nitrogen ratio. It is judged significant that the argon (and neon and helium) 
to nitrogen ratios found approach but do not exceed the theoretical maximum. 
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FIG. 2. Composition  of secreted swim-bladder  gas of fish breathing a  mixture of 
helium and air. The points represent individual fish; the solid line,  the composition 
predicted from Equation 6 for small  bubbles formed in water equilibrated with 3.2 
per cent helium,  96.8 per cent air, when the internal pressure of the bubble is  i  at- 
mosphere. 
Experiments with Hellur~ at~d Neon 
The foregoing interpretation rests on the assumption that solubility in water 
is the property of the inert gases pertinent to the explanation of the physical 
mechanism of inert gas secretion. Argon, more soluble than nitrogen, was found 
to be enhanced in the secreted gas. We may predict therefore that the secreted 
Kas mixture will be relatively depleted of gases such as helium or neon which 794  INERT  GAS  SECRETION 
are less soluble than nitrogen in water2 In fact the compositions of the secreted 
swim-bladder gas from fish maintained in water equilibrated with 3.2 per cent 
helium in air or with 1.8 per cent neon in air do display the expected relative 
depletion of helium  and  neon; and  the  data,  while  scanty,  are in  adequate 
quantitative agreement with prediction. Figs. 2 and 3 present the findings for 
helium and neon respectively. The fulfillment of the prediction vindicates the 
correctness of the assumption which the experiment was designed to test. 
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FIG. 3. Composition  of secreted swim-bladder  gas of fish breathing a  mixture of 
neon and air.  The points represent individual  fish;  the solid line,  the composition 
predicted from Equation 6 for small bubbles  formed in water equilibrated with 1.8 
per cent neon, 98.2 per cent air, when the internal pressure of the bubble is 1 atmos- 
phere. 
Possible Role of Carbon Dioxide 
Jacobs  (1930,  1932)  and  Meesters  and  Nagel  (1934)  believe  that  carbon 
dioxide plays an essential role in gas secretion. They have found the newly 
secreted swim-bladder gas of European strains of perch  (Perca fluviatilis)  to 
contain proportions of carbon dioxide as high as 24 per cent, and have presented 
indirect evidence that transitory proportions as high as 85 per cent might occur. 
It is appropriate therefore to examine the possibility that intracellular bubbles w 
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are formed by the  secretion of carbon dioxide and  that both inert gases and 
oxygen then enter these bubbles. Since oxygen is twice as soluble in water as 
nitrogen it can be seen from Equation 6  that the upper limiting value of the 
ratio oxygen to nitrogen for bubbles of carbon dioxide  (or any gas or a  void) 
formed in air-saturated water is about 1 to 2. If the carbon dioxide were subse- 
quently removed the residual gas would contain 33.3 per cent oxygen and 66.7 
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FIG. 4. Relation between the composition of small bubbles and  the relative size of 
the bubble and its surrounding "shell." Calculated from Equation  7, for small bub- 
bles formed in air-equilibrated water, taking the internal pressure of the bubble as 1 
atmosphere. 
per cent nitrogen. Wyman et al.  (1952)  have made this calculation and found 
in fact that the gas entering a cavity in air-saturated water consists of up to 35 
per cent oxygen. Since swim-bladder gases frequently contain up to 90 per cent 
oxygen the formation of carbon dioxide bubbles is ruled out  as a  mechanism 
for the secretion of oxygen and inert gas. 
The Size of the Postulated Bubble 
Gas bubbles have never been observed in the living secreting gas gland and 
there is therefore no direct knowledge of their size. However, an estimate of 
the relative size of the gas bubble and its surrounding water shell is accessible 796  LN-ERT GAS  SECRETION 
from the consideration  of the partition of inert gases between the bubble  and 
the water shell. Rearranging Equation 4, we may express the partial pressure 
of an inert gas in the bubble as a function of the volume ratio VolVo: 
p0 
)  RTX  55.5X  760  +1 
(7) 
Fig. 4 presents graphically the partial pressure of nitrogen calculated to obtain 
in bubbles of varying ratio VJV~, formed in air-equilibrated  water at atmos- 
pheric  pressure.  The  range  of partial  pressures  of nitrogen encountered in 
secreted  swim-bladder  gas,  0.8  to 0.1  atmosphere,  corresponds  to values of 
the ratio VJV~ of from 1/1000 to 1/10. In the majority of species of fish the 
range of nitrogen partial pressures  is only from about 0.5 to 0.1 atmosphere, 
corresponding to values of the volume ratio of 1/100 to 1/10. If, for the purpose 
of argument, we take the water shell to be 30 micra thick (Wyman et al., 1952), 
the bubble diameters become 7 micra, 16 micra, and 52 micra corresponding to 
volume ratios of 1/lO00, 1/100,  1/10 respectively.  This calculation is of value 
only as indicating an order of magnitude. The thickness  of the water shell 
around small bubbles  is unknown. 
Occurrence of Intracellular Bubbles 
It is  pertinent to inquire  whether gas-filled spaces  or bubbles  have been 
observed in the gas gland. Unfortunately technical di~culties have prevented 
the examination of the living,  secreting  gas gland. Woodland (1911) found 
structures which he interpreted as intracellular gas bubbles in sections prepared 
from gas glands which were actively secreting  at the time of fixation.  Earlier 
histological  studies in which  intracellular gas bubbles  in  the gas gland are 
claimed are reviewed by Woodland (1911). 
Bubbles  are not easily formed within most living cells. Harvey and his co- 
workers were not able  to produce  intracellular bubbles  in a variety of living 
tissues  (1946)  and unicellular  organisms  (1944) highly supersaturated with 
gases. Nevertheless  unquestionable gas bubbles  may be observed  within the 
cells of the protozoan Arcella (Engelmann,  1869; Bles,  1929). The formation 
and expansion of the bubbles required 2 to 4 minutes, and the cycle of stimula- 
tion,  bubble  formation, expansion,  and resorption  is  complete  in  about  1S 
minutes. Myers (1943) has described  a pelagic foraminifer which once in its 
life cycle forms a very large  (50 to 90 microns diameter) intracellular bubble. 
This bubble grows to its full size in about 2 hours. 
Several  authors  (F~nge,  19S3; presents  photographs  and  reviews  earlier 
work)  have described  intercellular gas  ducts or secretory canals  in  the gas 
gland. Such ducts could function in the same manner as bubbles in the secre- 
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Experiments witk Scup 
Gas secretion in the scup is characterized by its rapidity and by the high 
carbon  dioxide tensions achieved. Individual scup  frequently completely re- 
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FIG. 5. Composition of the secreted swim-bladder gas in soap. The points represent 
individual fish. The solid line as in Fig.  1. 
place the gases of the emptied swim-bladder in 6 hours, although the majority 
require 10 to 12 hours. In contrast the rapidly secreting eel requires 12 to 24 
hours, toadfish, 24 hours, sea robins, 48 hours, tautog (Tautoga  onitis, Linnaeus) 798  INERT  GAS  SECRETION 
about 24 hours,  and Fundulus heteroclitus (Linnaeus)  (Copeland,  1952) about 
48 hours. 
The carbon dioxide tensions of the newly secreted gas of the scup range up 
to 25 per cent, although the majority of samples contain 10 to 12 per cent. This 
contrasts sharply with the gas secreted by other fish studied which have low 
variable carbon dioxide tensions averaging between 0 and 5 per cent and only 
very occasionally rising to 7 to 9 per cent. 
The relationship  found between the argon to nitrogen ratio and the oxygen 
tension for the newly secreted  gases of the scup  swim-bladder  (Fig.  5)  also 
differs from that of the other fish examined. The curve is apparently displaced 
to the right, and the argon to nitrogen ratio is low. No full explanation can be 
given, but quite possibly the high carbon dioxide tension serves through the 
Bohr effect to displace  oxygen from the blood  and oxygen from this source 
makes a larger than usual contribution to the total secreted oxygen. 
Relation  of Oxygen and Nitrogen Secretion in Goldfish 
The swim-bladder  of the cyprinids is  normally filled with nitrogen.  The 
purity of this gas is such (97 per cent or better), that for a number of years no 
nitrogen of comparable  purity could be prepared,  and Priestley (quoted in de 
Fourcroy, 1789) used the swim-bladder gases of carp purchased in the market 
for his chemical experiments. Nevertheless  if one empties the swim-bladder of 
tench (Tinca tinca) (Moreau, 1877), of roach, or of goldfish (Evans and Damant, 
1928), the swim-bladder is refilled with a secreted gas mixture consisting of up 
to 60 per cent of oxygen. Mter the bladder has filled and become turgid (about 4 
to 5 days in the goldfish) the oxygen is resorbed  during a period  of about 3 
days, leaving  the bladder turgid and filled with nearly pure nitrogen. The 
nitrogen has evidently entered the bladder by the same mechanism,  bubble 
formation, as in the marine fish, since the compositions of the secreted gas fall 
on the theoretical curve presented in Fig. 1. We may conclude that in the gold- 
fish at least the secretion of pure nitrogen is accomplished by the secretion of 
oxygen together with the accompanying  nitrogen,  followed by the resorption 
of oxygen. 
It should  be  remarked that the preferential removal of oxygen from the 
swim-bladder  gases is not peculiar  to the goldfish but is encountered in most 
fish  which  have  been  studied  (e.g. Fundulus  heteroditus  (Copeland,  1952); 
eels (Wittenberg,  unpublished results)). 
The Resorption  of Gases from the Swim-bladder 
The gases normally present in the swim-bladder, which as stated before must 
be the resultant of secretion and removal of gas, contain argon and nitrogen in a 
proportion similar  to air.  This has been  found true both  for deep  sea  fish 
(Schloesing and Richard, 1896; Scholander,  1954), for fresh water coregonids JONATHAN B.  WITTENBERG  799 
(Scholander, van Dam, and Enns, 1956; Tait, 1956), and for trout (this study). 
We find this also to be true for goldfish. The argon to nitrogen ratio in the gas 
initially present in the swim-bladders of six individuals was  1.13,  1.13,  1.06, 
1.11,  1.04, and 1.11 X  10  -3, comparable to the ratio in air 1.18 X  10  -3. Yet the 
freshly secreted gas contains argon and nitrogen in a  ratio far larger than in 
air.  Evidently,  during  the  process  of gas  resorption,  argon is  lost from the 
bladder relatively more rapidly than nitrogen. This might be brought about 
by some specific process capable of reducing the ratio, argon to nitrogen, to a 
TABLE I 
Composition of ~he Swim-bladder Gas of Goldfish after Par~al Absorption of Oxygen 
Absorption time 
ht'$. 
26 
26 
26 
28 
28 
41 
41 
50 
50 
50 
50 
co~ 
per ceng 
0.6 
1.7 
1.5 
1.0 
1.0 
0.6 
1.0 
1.8 
1.2 
0.4 
2.6 
02 
per cent 
8.5 
7.2 
8.4 
4.3 
2.1 
3.6 
2.7 
4.1 
5.4 
5.7 
6.2 
100 A 
Ns 
1.19 
1.18 
1.17 
1.17 
1.06 
1.15 
1.10 
1.19 
1.18 
1.16 
1.18 
Air.  20.9  1.18 
Explanation in text. 
value less than that of air. Alternatively, the relative decrease in argon might 
reflect the partial equilibration of the swim-bladder gases with the circulating 
blood. In the latter case the ratio, argon to nitrogen, in the swim-bladder gases 
should approach but not become less than the ratio in air. 
The following strategem was employed to study the process of gas removal 
in the goldfish. The swim-bladders of several fish were drained with a syringe 
fitted with a fine needle. The fish immediately refilled their bladders by gulping 
air and within an hour were once again swimming freely. Left undisturbed such 
fish will reduce the oxygen in the bladder gases to less than 5 per cent in 2 to 5 
days. After 48 hours, when the process of oxygen removal was well established, 
the swim-bladder was  once again emptied with a  syringe, and the fish were 
allowed  to  refill their  swim-bladders  for a  second  time  with  swallowed  air. 
Individuals were selected which had reduced the oxygen to less than 7 per cent 
during the first 48 hour period. Twenty-six to 50 hours later the bladder gases 
were removed from these selected individuals and analyzed. Oxygen removal 800  INERT  GAS  SECRETION 
during the second period of absorption was roughly twice as rapid as during the 
the initial 48 hour period in many individuals. 
The  argon  to  nitrogen  ratio  of  the  swim-bladder  gas  remaining  after  the 
absorption  of oxygen from  the  introduced  air  (Table  I)  is  the  same  as  air. 
TABLE  II 
Composition of the Swim-bladder Gas in Trout 
Species 
Brown trout 
Rainbow trout 
Gas initially present 
100 A 
Ns  N2 
per cent 
1.25 
1.28 
1.26 
98 
99 
99 
97 
100 
95 
99 
98 
N2 
per ~t 
99 
99 
95 
96 
95 
99 
98 
95 
99 
99 
99 
98 
96 
99 
99 
99 
Secreted gas 
100 A 
N! 
1.08 
1.30 
1.14 
1.12 
1.19 
1.07 
1.10 
1.08 
1.12 
1.10 
Since, within the limited range of the experiment, this mass ratio never became 
significantly less than air, during resorption the inert gases of the swim-bladder 
must equilibrate at least partially with the dissolved gases of circulating blood. 
This finding is in accord with the structure of the resorptive epithelium, oval 
window  or  posterior  chamber,  which  contains  a  capillary  network  supplied 
with arterial blood, and provides an opportunity for gas exchange between the 
swim-bladder and the blood. In addition,  since the arterial blood is not fully 
saturated with oxygen, oxygen should be removed more rapidly than inert gases. JONATHAN  B.  WITTENBERG  801 
Gas Secretion in Trout 
The  secretion  of pure  nitrogen against  a  large  hydrostatic pressure  was 
classically described in the whitefish, and should preferably be studied experi- 
mentally in the same animal. However, because living whitefish are not easily 
available we chose to examine the phenomenon in the not too distantly related 
trout. Despite reports to the contrary (Jacobs,  1934) the secretion of gas into 
the trout swim-bladder is easily demonstrated, particularly in small fish. The 
secreted gas of nineteen fish which had replaced 60 to 100 per cent of the original 
volume of the emptied swim-bladder consisted of 95 to 99 per cent of nitrogen 
(Table II). The composition found for the secreted gases is given in Table II, 
and in each ease the argon to nitrogen ratio approximates the ratio found in air. 
The result gives no information about the intermediate stages in the secretory 
process. Conceivably a transitory secretion of oxygen occurs but is not demon- 
strable because oxygen removal is too rapid relative to the rate of secretion. 
DISCUSSION 
Oxygen is the major component of the gas mixture secreted  into the swim- 
bladder. The mixture of inert gases comprising the balance of the secretion  is 
richer in the more soluble components, e.g. argon, and poorer in the less soluble 
components,  e.g. helium and neon,  than the gas breathed by the fish. These 
changes  in the proportions of inert gases are  large,  and any theory of the 
mechanism  of inert gas  secretion  must explain  these  differences.  Since  the 
noble gases, argon, helium, and neon accompany nitrogen, the secretory process 
must involve a physical rather than chemical mechanism. 
The direction of the change in proportions of the inert gases as they pass from 
air into the swim-bladder firmly establishes the solubility of the gases in water 
as the physical property pertinent to the explanation of the secretory mecha- 
nism. 
The composition of the inert gases in the secreted gas approaches the compo- 
sition of the gas dissolved in the water, which, of course, is different from air 
because different gases have different solubilities. It appears that the secretion 
of inert gas is accomplished by the complete  exhaustion of the gases from a 
volume of water, much as though the water had been boiled and the evolved 
gas passed into the swim-bladder. 
The compositions of the secreted gas presented in Fig. 1 reveal a clear rela- 
tion between the proportion of oxygen and the enhancement of the proportion 
of the very soluble argon (the ratio 100 A/N,). This relation implies that the 
physical mechanism underlying inert gas secretion must simultaneously  involve 
the secretion  of oxygen. This third criterion  which  must be flllfilled by the 
description  of the  secretory mechanism  incidentally rules  out  the  obvious 802  INERT GAS SECRETION 
possibility that inert gases might merely diffuse directly from the blood into the 
bladder. 
Blood is supplied to the gas gland through a  vascular counter-current ex- 
changer, the rete mirabile, which is massively developed in all fish capable of 
rapid gas secretion,  s The function of this structure is unknown, and remains a 
challenge to anyone proposing a theory of gas secretion. Koch (1934) suggested 
that inert gases might be expelled from the blood circulating in this structure 
if the gas solubilities were somehow depressed through the action of the gas 
gland,  and  Scholander  (1954)  has  examined  this  possibility quantitatively. 
However, Koch's very interesting proposal does not explain the relation found 
between the proportions of oxygen and inert gases in the secreted mixture. 
A bubble, for example a bubble of oxygen suspended in air-saturated water, 
will be invaded by the inward diffusion of nitrogen and other gases, and will 
in turn deplete the surrounding solution of its dissolved gases. Wyman, Scho- 
lander, Edwards, and Irving (1952)  have treated this situation both theoreti- 
c.ally  and  experimentally,  and have  demonstrated that  the  bubble  has  the 
interesting property of becoming enriched in  the  more  soluble of the  gases 
dissolved in the water. This property of bubbles suggested that the secreted 
oxygen might be evolved in  the form of small bubbles,  which drained inert 
gases from  the  surrounding solution. The  small size  postulated for bubbles 
formed in the gas gland allows a simplified algebraic treatment of the partition 
of gases between the bubble and liquid. The family of gas compositions calcu- 
lated for transitory, small bubbles formed of oxygen in air-saturated water is 
presented as the solid line in Fig.  1.  The relation between the oxygen (and 
nitrogen) tension and the proportions of inert gas predicted from the properties 
of bubbles is in reasonable agreement with the relation found in the secreted 
gas of several  species of fish. This agreement, over a  wide range of oxygen 
tensions,  indicates  that  the  postulated  evolution  of  bubbles  probably  cor- 
responds to the actual physical situation in the secreting gas gland. 
Each  bubble  of oxygen entering  the  swim-bladder will  bring  with  in  its 
freight of inert gases entirely unaffected by the tensions of inert gas already 
present in the swim-bladder. In addition, the amount of inert gas contained in 
each bubble will not change with increasing pressure, e Since oxygen is removed 
from the swim-bladder much more rapidly than inert gases, the continued in- 
flow of bubbles should with time build up the high pressures of nitrogen and 
argon found in the swim-bladders of many fish. 
6  The marine fish studied have conspicuously developed retia mirabilia. Although 
there is no macroscopic rete in the goldfish, diffusely arranged  blood vessels may 
represent  a rete.  No rete has been described in trout (Jones and Marshall,  1953). 
6  The proportion  of inert gas, of course, must decrease as a greater proportion  of 
the total pressure  is supported  by the secreted oxygen. This may hold the clue  to 
the increase of the proportion  of oxygen with depth found  by Biot (1807) in the 
swim-bladder of several species. JONATHAN B.  WITTENBERG  803 
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